Mammalian mitochondrial inner membrane fusion is mediated by OPA1(optic 2 atrophy 1). Under physiological condition, OPA1 undergoes proteolytic 3 processing to form a membrane-anchored long isoform (L-OPA1) and a soluble 4 short isoform (S-OPA1). A combination of L-OPA1 and S-OPA1 are required for 5 membrane fusion, however, the relevant mechanism is not well understood. In 6 this study, we investigate the cryo-EM structures of S-OPA1 coated liposome at 7 nucleotide-free and GTPγS bound states. S-OPA1 exhibits a general structure of 8 dynamin family. It can assemble onto membrane in a helical array with a building 9 block of dimer and thus induce membrane tubulation. A predicted amphipathic 10 helix is discovered to mediate the tubulation activity of S-OPA1. The binding of 11 GTPγS triggers a conformational rotation between GTPase domain and stalk 12 region, resulting the rearrangement of helical lattice and tube expansion. This 13 observation is opposite to the behavior of other dynamin proteins, suggesting a 14 unique role of S-OPA1 in the fusion of mitochondrial inner membrane. 15 KEYWORDS 16 Cryo-electron microscopy; Conformational change; Mitochondrial fusion; 17 Membrane tubulation; OPA1. 18 SIGNIFICANCE STATEMENT 19 Mitochondria are highly dynamic cellular organelles that constitute a 20 remarkably dynamic network. Such dynamic network is vital to keep homeostasis 21 of cellular metabolism and it is balanced by fission and fusion events. Having the 22 double membrane, the fusion of mitochondria becomes more complicated in 23 comparison with other cellular mono-membrane organelles. The inner membrane 24 fusion is driven by OPA1 that needs to be pre-processed to long and short forms 25 while the molecular mechanism is largely unknown. This work well characterizes 26 the biochemical property of the short form of OPA1, and reveals how it interacts 27 with membrane and how its conformation responds to nucleotide binding. This 28 work gives a further insight into mitochondrial inner membrane fusion 29 mechanism . 30 1 In eukaryotic cells, series of discrete membranous compartments separate 2 different biochemical reactions, and the membrane fission and fusion 3 mechanisms accomplish the communication between and within these 4
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interactions with both L-OPA1 and cardiolipin and assists the L-OPA1-dependent 1 fusion with the needs of GTP hydrolysis (Ban et al., 2017) . Studies on Mgm1, the 2 yeast homolog of OPA1, have drawn a similar conclusion in which its long form L- 3 Mgm1 acts as a fusion-prone protein with its GTPase activity inhibited and its 4 short form S-Mgm1 drives fusion procedure through GTP hydrolysis (DeVay et 5 al., 2009; Zick et al., 2009 ). Another study of S-OPA1 confirms its tubulation 6 activity with cardiolipin containing liposomes by negative staining electron 7 microscopy (Ban et al., 2010) . These studies speculate a GTPase dependent 8 auxiliary function of S-OPA1 while membrane fusion, however, there are also 9 other reports supporting the fission favorable function of S-OPA1 (Anand et al., 10 2014). 11 To further understand the role of S-OPA1 in mitochondrial inner membrane 12 fusion, here we substantially studied the biochemical property of S-OPA1 and 13 utilized cryo-electron microscopy to solve the structures of S-OPA1 coated 14 liposome in a nucleotide-free state and a GTPγS binding state. Our studies imply 15 a distinctive role of S-OPA1 in mitochondrial inner membrane fusion. 16 19 We expressed the short isoform of splice form 1 human OPA1 (S-OPA1, see 20 Figure 1A ) in bacteria and purified into homogeneity (Figure 1B) . Gel-filtration 21 and chemical cross-linking experiments indicate a dimerization form of S-OPA1 22 ( Figure 1C ; see also Figures S1A and S1B). The GTP hydrolysis activity of S-23 OPA1 is weak but significantly enhanced ~70 fold (Kcat) with the existence of 24 liposome ( Figure 1D and Table S1 ). The liposome was prepared with a 25 phospholipid composition of 45% DOPC (1,2-dioleoyl-sn-glycero-3-26 phosphocholine), 22% DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), 27 8% PI (phosphatidylinositol) and 25% CL (cardiolipin), which approximates the 28 composition of mitochondrial inner membrane (Ban et al., 2010) . By examining 29 the mixture of S-OPA1 with liposome using both negative electron microscopy 30 (nsEM) and cryo-electron microscopy (cryo-EM), we found significant tubulation 1 of liposome induced by S-OPA1 (Figures 1E and 1F) . However, we found the 2 tubes are varied with the diameters and diffraction patterns, suggesting the 3 membrane coated S-OPA1 did not form a unique helical lattice. 4 To optimize the homogeneity of the sample, we cloned and expressed a 5 truncation form of S-OPA1 (S-OPA1-Δ196-252, see Figure 1A and 1B) by 6 deleting its N-terminal residues from 196 to 252 because this region was reported 7 responsible for the dimerization of S-OPA1 in solution (Akepati et al., 2008) . 8 Compared to the wild type, the truncation form behaves as a monomer in gel-9 filtration (Figure 1C and S1B) and its basal GTP hydrolysis activity is lower but 10 can be stimulated about two orders with the existence of liposome ( Figure 1D   11 and Table S1 ). In addition, the truncation form can induce homogeneous tubes 12 with smaller diameter (Figures 1E and 1F ). If not specially mentioned, all the 13 subsequent cryo-EM structural studies were performed using this truncation form 14 S-OPA1-Δ196-252. However, all the subsequent biochemical and biophysical 15 assays were performed using the wild type full length S-OPA1. 16 Helical structure of S-OPA1 coated liposomal tube in a nucleotide-free state 17 To characterize the structure of nucleotide-free S-OPA1 coated liposomal 18 tube, we collected a cryo-EM dataset of S-OPA1 coated tubes and classified the 19 boxed tubes via the diameters and diffraction patterns (Figures S1C and S1D) . A 20 selected class of tubes with the average diameter of 53 nm were segmented and 21 further reconstructed by the iterative helical real-space reconstruction (IHRSR) 22 algorithm (Egelman, 2000 (Egelman, , 2007 (Figure S1E and S1F) . This approach finally 23 generated a six-start left-handed helical map at a resolution of ~ 14 Å. The map 24 has an inner diameter of 23 nm, an outer diameter of 53 nm, 17.3 units per turn 25 and a pitch of 465.6 Å (Figures 2A, 2B and Movie S1). 26 Similar to the dynamin 1 (Dyn1) coated tube ( To be noted, since we could not determine the handedness of S-OPA1 4 coated tube at the current resolution from helical reconstruction, we further 5 performed cryo-electron tomography (cryo-ET) combined with sub-volume 6 averaging (SVA) to determine the structure of S-OPA1 coated tube (The 7 handedness of this procedure has been pre-calibrated). The final averaged cryo- 8 ET map shows a consistent architecture (Figure 2E and S2A) and corrects the 9 handedness of the helical reconstruction (Figure 2) . We also determined the 10 structure of full length S-OPA1 coated tube by using the same tomographic 11 procedure ( Figure S2B) , showing the same architecture with the truncation form. 12 Thus, our observation of the helical lattice of S-OPA1 bound to membrane is not 13 an artifact from the truncation of the coiled coil domain. 15 Dynamin proteins have similar domain architecture ( Figure 1A and 3A among different domains, we separated the crystal structure of Dyn1 into three 23 parts, the G/BSE region, the middle/GED stalk, and the PH domain ( Figure 3A) . 24 The G/BSE region can be well fitted into the head layer and the linker density The middle/GED stalk structure can be well docked into the stick-like density 8 of the middle/stalk layer of the map (Figures 3B, 3C and 3D) . However, the stalk 9 layer of S-OPA1 may have a slightly different conformation compared to the 10 middle/GED stalk structure of Dyn1 as its distal tip stretches into the inner layer 11 and directly interacts with the membrane (Figures 3D, 3E and S3B). The whole 12 stalk region of the S-OPA1 array shows a compact packing with two interaction 13 interfaces, the bundle-to-bundle interface and the tip-to-tip one (Figure 3C , 2). 14 15 maintaining the structural stability of the protein-lipid complex. 16 The leg density of the S-OPA1 tube is more complicated than the Dyn1 tube corresponding sequence of such domain would be located between the middle 26 and GED domain (Figures 1A and S5A ). 27 The current resolution of the map could not determine the linkage between 28 the stalk and the GMB domain. However, according to the packing of S-OPA1 on 29 the tube, there are only two possible conformations, a kinked conformation with 30 the GMB domain right underneath its own stalk region or an extended 1 conformation with the GMB domain stretching into the nearby interstice ( Figure   2 3F). 3 Overall, based on the present cryo-EM density of S-OPA1 coated tube, we 4 observed two membrane binding sites of S-OPA1, one is located at its GMB 5 domain and another at the extension of its stalk domain ( Figure S3B ). 6 S-OPA1 dimer is the building block of its helical array on liposomal tube 7 The helical reconstruction imaging processing procedure indicated S-OPA1 8 coated tube has a 6-fold symmetry and contains six helical starts. By fitting 9 crystal structures of Dyn1 domains, we found the asymmetric unit of S-OPA1 10 packing array contains two copies of S-OPA1 molecules that form a dimer (blue 11 and gray in Figure S3C ). There are two possible forms of S-OPA1 dimer 12 according to the packing array, one is called here the short dimer (green in 13 Figure S3C ) and the other defined as the long dimer (pink in Figure S3C ). The 14 short dimer utilizes the tip-to-tip interactions of their stalk domains to form the 15 dimerization interface while the long dimer is more extended and its dimerization 16 interface is mediated by their stalks bundle-to-bundle interactions. Our 17 subsequent structural analyzes by comparing structures of S-OPA1 coated tubes 18 in different nucleotide binding states suggest the short dimer is more likely the 19 building block of S-OPA1 assembly on liposome (see context below and also 20 Figure S8A ). Thus, in the following structural analysis and comparison, we will 21 only focus on the short dimer. 22 We then investigated how the S-OPA1 dimers assemble on the liposomal 23 tube. By following the helical symmetry, the S-OPA1 short dimers assemble into 24 a single helical turn and then form one start of the packing array ( Figure 3B ). 25 However, for each start, the building blocks are not close enough to form 26 interactions. The packing array needs to be stabilized by the interactions among 27 different starts and we found such interactions are mediated by bundle-to-bundle 28 interfaces of stalks (Figures 3B and 3C) . These stalk interactions are the main 29 factors to stabilize the S-OPA1 helical structure. In addition to the stalk 30 interactions, we noticed the G domains of S-OPA1 in adjacent helical starts are 1 facing each other with their dimerization interfaces opposed, which leaves a 2 potential for the subsequent change of S-OPA1 array (Figure 3C, 1) . 3 Table S1 ). However, 14 interestingly, their tubulation activities did not change significantly by examining 15 their liposomal tubes using nsEM ( Figure 4C) . These results confirm S-OPA1 16 can deform membrane without the need of GTP hydrolysis and further suggest 17 the GTP hydrolysis of S-OPA1 occurs most likely after the liposomal tubulation.
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RESULTS
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S-OPA1 can induce tubulation of cardiolipin containing liposome
14
Domain organization of S-OPA1 and membrane binding sites
Such compact packing suggests a pivotal role of stalk interactions of S-OPA1 in
S-OPA1 membrane tubulation activity is independent with its GTPase
18
S-OPA1 has a potential amphipathic helix involved in membrane tubulation 19 Next, we sought to identify the factors to affect S-OPA1 membrane tubulation 20 activity. The above structural analysis suggests the GMB domain of S-OPA1 activities and membrane tubulation activities. While, these activities of mutants
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E794AE795A and K797AK800A were also greatly reduced. As a result, the 13 predicted amphipathic helix of GMB domain would be one of the major factors 14 involved in S-OPA1 induced membrane tubulation procedure, which most likely 15 inserts hydrophobic residues into the membrane (Drin and Antonny, 2010). The 16 reduced or abolished membrane tubulation activities therefore affect the 17 subsequent membrane induced GTP hydrolysis activity. 18 In addition, the above cryo-EM map based structural analyzes have identified 19 two membrane binding sites of S-OPA1. The mutagenesis studies here indicated 20 a less important role of the predicted amphipathic helix of the GMB domain in 21 membrane binding. Therefore, another identified stalk tip region of S-OPA1 would 22 play a more important role for S-OPA1 bound to membrane.
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Nucleotide binding induces a reduced curvature of S-OPA1 coated tube 24 Since the GTPase activity of S-OPA1 is indispensable for its fusion in . 30 We incubated excess GTP or its non-hydrolyzed or slowly hydrolyzed 1 analogs (GMPPCP, GMPPNP and GTPγS) with the wild type and truncated S-2 OPA1 coated liposomal tubes for 30 mins and examined the tubes by cryo-3 electron microscopy ( Figure S6A) . We surprisingly found that the diameters of nucleotide-free state, the binding of nucleotide also decreases the homogeneity 10 of the S-OPA1 coated tubes with a wide range of tube diameters (Figure S6B) , 11 suggesting an increased variability of S-OPA1 in the nucleotide bound state. 12 We observed the instability of the S-OPA1 coated liposomal tubes after 13 incubating with GTP, which might be due to the subsequent GTP hydrolysis. 
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A loosened helical lattice of S-OPA1 coated tube after nucleotide binding 21 Compared to the nucleotide-free state, the 23 Å cryo-EM map (see Figure   22 S6F) of S-OPA1 coated tube with GTPγS bound also shows four layers of 23 densities, the outer head region, the middle stalk region, the inner leg region, and 24 the innermost membrane region (Figures 6A and 6B) . However, after GTPγS 25 binding, the interlaced stalks of S-OPA1 rotate ~20˚ clockwise and the distance 26 between neighboring stalk rungs expand ~55 Å leaving significant gaps, which 27 results in a reduced compactness of S-OPA1 assemble and a loosened helical 28 lattice ( Figure 6A) . 29 We then docked the aforesaid crystal structures of Dyn1 domains into the 1 cryo-EM density (Figure 6C) . The structure of G/BSE domain can be well fitted 2 into the head region (green in Figures 6C and 6D ) and the middle/GED domain 3 well fitted into the middle stalk region (blue in Figure 6C and 6D) . The potential For the inner leg region, there are two pieces of densities. One (purple in 10 Figure 6D ) is underneath the stalk region and would account for the extension of 11 the stalk tip of S-OPA1 for membrane interaction. Another globular density 12 (yellow in Figure 6A ) lies underneath the gap between the parallel stalks, which 13 can be well fitted with a dimer of PH domain of Dyn1 (Figures 6C and 6D ) and 14 thus presumably account for the dimerized GMB domains. The above structural 15 analyzes of S-OPA1 in nucleotide-free state suggest two possible conformations 16 of S-OPA1, the kinked and the extended ones with two possible locations of its 17 GMB domain ( Figure 3F) . However, the cryo-EM density here suggests after 18 nucleotide binding the GMB domain of S-OPA1 deflects to the stalk flank and 19 stays away from the stalk. Thus, an extended configuration of S-OPA1 monomer 20 is more possible (Figure 6E ). 21 By investigating the packing array of S-OPA1, we also found that the 22 asymmetric unit of S-OPA1 coated tube after GTPγS binding contains two copies 23 of S-OPA1 molecules, which can form either a short dimer or a long dimer 24 ( Figure S7B ). In consistency with the above nucleotide-free one, the short dimer 25 with GTPγS bound utilizes the same interaction interfaces (Figure 7B) . While the 26 long dimer in the GTPγS bound map has a completely different interface with the 27 one in the nucleotide-free state (Figure S8A) . Thus, by combining two cryo-EM 28 maps of S-OPA1 coated tube in both nucleotide-free and bound state, we 29 concluded the short form of S-OPA1 dimer is the building block when it binds to 30 membrane and starts to assembly. We further compared this dimer of S-OPA1 with other dynamins dimers (Dyn1, MxA and Drp1) that are involved in 1 membrane fission and found their significant differences ( Figure S8B) . The S-2 OPA1 utilizes the stalks tip-to-tip interaction for dimerization while other dynamins 3 utilize the bundle-to-bundle interaction of stalks for dimerization. after GTPγS binding.
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The assembly array of S-OPA1 on the tube exhibits even more significant 12 changes after GTPγS binding (Figures 7B, 7C and Movies S3 and S4). When 13 overlapping the two helical tubes along the vertical direction, a clockwise rotation 14 (~20°) of the S-OPA1 short dimer was observed and the distance between the 15 short dimers in the same helical rung is increased ~ 6 Å. Such rotation eliminates 16 the stalk bundle-to-bundle interactions among different helical rungs that are 17 important for the stabilization of nucleotide-free protein-membrane complex 18 ( Figure 3D) . However, a new interface between the short dimers in the same 19 helical rung forms after the structural rotation, which is mediated via a new kind 20 of stalk bundle-to-bundle interactions and thus stabilizes the structure of GTPγS 21 bound protein-membrane complex. Besides the structural rotation, the movement 22 of the S-OPA1 short dimer was also observed, which yields an increased 23 distance of ~26 Å between dimers in adjacent rungs (Figures 6C and 6D) . 24 Overall, GTPγS binding induces a conformational change of S-OPA1 structure of OPA1, we know little about the molecular mechanism of 10 mitochondrial inner membrane fusion. Compared to Mfn1/2, the primary structure 11 of OPA1 is more like Dyn1 that is physiologically involved in membrane fission. 12 How a membrane-fission-like protein could play a role in membrane fusion has 13 been a puzzle in the field for a long time. In addition, unlike other membrane 14 fusion/fission proteins, OPA1 has multiple isoforms and needs to be processed 15 from a long membrane anchored form (L-OPA1) to a short soluble form (S-OPA1) 16 for an efficient mitochondrial inner membrane fusion, which suggests a strictly 17 regulated dynamics of mitochondrial inner membrane. 18 In the present study, we investigated the interactions between S-OPA1 and 19 liposome that comprises the phospholipid composition of mitochondrial inner 20 membrane, and then we utilized cryo-electron microscopy approach to resolve 21 the structures of S-OPA1 coated on membrane in both nucleotide-free and 22 GTPγS bound states. Like other dynamin proteins, S-OPA1 can bind to 23 membrane and induce membrane tubulation by forming a helical array. We found 24 such tubulation process is independent with the GTP hydrolysis activity of S-
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OPA1. While the GTPase activity of S-OPA1can be significantly enhanced upon 26 binding to membrane. 27 We found S-OPA1 has a typical architecture of dynamin family and 28 comprises a global G domain, a long stalk region and a globular membrane 29 binding (GMD) domain. Analyzing cryo-EM densities reveal two membrane 30 binding sites of S-OPA1, one is located in its GMD domain and another belongs 1 to the extention portion of its stalk region. We further identified an amphipathic 2 helix located in the GMD domain and found this helix contributes partially to 3 membrane binding but determines the membrane tubulation activity of S-OPA1. 4 Indeed, previous literatures have suggested the relations between diseases and 5 the mutations at the stalk and GMD regions in OPA1 (see Table S2 ). 6 We deduced the building block of S-OPA1 helical array on the membrane is a 7 dimer, which utilizes the tip-to-tip interaction of stalk regions to form the interface. for the GTP hydrolysis activity of dynamin proteins, is not formed in the helical 13 array of nucleotide-free S-OPA1, suggesting the GTP hydrolysis is a late-stage 14 event after membrane remodeling by S-OPA1. 15 We observed a significant conformational change of S-OPA1 after GTPγS 16 binding, which includes the relative motion between G domain and stalk, the 17 global rotation of stalk region and the re-arrangment of S-OPA1 helical lattice. 18 Here we defined the conformation of S-OPA1 in its nucleotide-free state as a 19 close conformation and the one with GTPγS bound as an open conformation. On 20 the contrary to the conventional dynamin proteins that induce a more crowded 21 packing and a constricted tube with a smaller diameter and higher curvature There is a hypothesis of a mechanochemical mechanism of protein induced determined is still not the state ready for GTP hydrolysis. We speculate it is due 10 to the subtle difference between GTPγS and GTP, which yields a barrier for 11 future structural re-organization of S-OPA1 helical array to form dimerization of G 12 domains. Thus, in the physiological procedure, with GTP binding a further motion 13 of G domain and S-OPA1 dimer would occur to enable forming G domain 14 dimerization interface ready for GTP hydrolysis. 15 Previous studies showed that S-OPA1 alone could not trigger the fusion of then bind to facilitate the generation of G dimer and accelerate GTP hydrolysis. 30 Though our current studies tried to understand OPA1 induced mitochondrial 1 inner membrane fusion, the precise cooperating mechanism of L-OPA1 and S-2 OPA1 remains further elucidated. The high-resolution information of S-OPA1 and 3 L-OPA1 in different states need determined to unravel the molecular mechanism 4 of mitochondrial inner membrane fusion. pre-calibrated using standard protein molecular weight markers. Purified proteins 21 were frozen in liquid nitrogen and stored at -80 °C. 23 The lipids (Avanti Polar Lipids) were mixed in the following ratio: 45% Eagle camera.
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Preparation of S-OPA1 coated tubes
13
Cryo-EM grids were prepared with Vitrobot Mark IV (ThermoFisher Scientific) 14 under 100% humidity. 3 μl of protein-lipid tubes was applied to glow-discharged 15 Quantifoil R2/1 holy carbon grids, blotted, and plunged into liquid ethane. For 16 grids using for tomography data collection, homemade protein A coated colloidal 17 gold was added as a fiducial marker.
18
Cryo-electron microscopy 19 Images for helical reconstruction were recorded on a cryo-electron 20 microscope Titan Krios (ThermoFisher Scientific) operating at 300kV using 21 SerialEM software (Mastronarde, 2005) . A Falcon-IIIEC camera (ThermoFisher
22
Scientific) was used at a calibrated pixel size of 1.42Å. A combined total dose of 23 50 e/Å 2 was applied with each exposure. Images were collected at 2-4 μm 24 underfocus. 25 Tilt series data were collected on a cryo-electron microscope Titan Krios G2
26
(ThermoFisher Scientific) using SerialEM software (Mastronarde, 2005) , with a 27 K2 direct electron detector (Gatan) operating in counting mode. Tilt series data 28 were typically collected from ±45° with 3° tilt increments at 3-5 μm underfocus. A 29 combined dose of about 90 e/Å 2 was applied over the entire series. Tomographic reconstruction and sub-volume averaging 29 Fiducial marker based tilt series alignment and gold erasure were performed 1 using AuTom (Han et al., 2017) . And the tomographic reconstructions were 2 performed using IMOD (Kremer et al., 1996) experiments were repeated at least three times. ACKNOWLEDGMENTS 28 We would like to thank Prof. Edward H. Egelman from University of Virginia for 1 his generous help on image processing of helical reconstruction. We are grateful 2 to Xue Wang (F.S. lab) for her initial trials of tubulation experiments. We would 3 also like to thank Ping Shan and Ruigang Su (F.S. lab) for their assistances. This Institute of Biophysics, Chinese Academy of Sciences. 9 COMPLIANCE WITH ETHICAL STANDARDS 10 All authors declare that they have no conflict of interest. All institutional and 11 national guidelines for the care and use of laboratory animals were followed. Side view of cryo-EM map of S-OPA1 coated tube. Other than membrane, the 18 map is subdivided and colored radially into three layers denoting ''leg'' (yellow), 19 ''stalk'' (blue), and ''head'' (green and cyan). The outer diameter and pitch are 20 labeled. (B) Radical cross-section of the tube. The inner diameter is labeled. 21 Dashed black lines denote the planar sections that are rotated by 90° and shown 
